Tomatoes are native to South America, and 13 species are currently known, including the ketchup-worthy commercial variety *Solanum lycopersicum*. The Solanaceae species are characterized by a high degree of phenotypic variation, ecological adaptability (from rainforests to deserts), and similar genomes and gene repertoires. Because of its commercial importance, *S. lycopersicum* (cv. Heinz 1706) is a centerpiece of the Solanaceae family. The complete genome of this species, comprising 950 Mb and ∼35,000 protein-coding genes, was released in 2012 by the Tomato Genome Consortium. The small size of its diploid genome makes *S. lycopersicum* (cv. Heinz 1706) a good reference for the study of the Solanaceae species and explains the emerging use of this fruit as a model system for the study of fleshy fruit development ([@bib4]). In this regard, it is worth mentioning that the Solanum lineage has experienced two consecutive genome triplication events and that these events have led to the neo- or subfunctionalization of genes controlling important fruit characteristics such as color and fleshiness ([@bib58]). Historically, low molecular weight (12--40 kDa) chaperone-like proteins, or small heat shock proteins (sHSPs), have been associated with stress tolerance factors by preventing the irreversible aggregation of misfolded proteins ([@bib6]; [@bib45]). However, heat shock stress is not the only stimulus triggering sHSP gene expression and protein synthesis. Indeed, sHSP synthesis is also induced during fruit maturation ([@bib37]; [@bib33]; [@bib42]), and certain development stages ([@bib46]; [@bib14]), in both Arabidopsis and Solanaceae plants, suggesting the existence of a complex chaperone-dependent regulating network associated with these processes to maintain cellular homeostasis. In fact, pregenomic data on tomato sHSPs provides experimental evidence for at least 14 sHSPs ([@bib17]; [@bib34]; [@bib2]; [@bib5]; [@bib51]). This number has almost doubled in the postgenomic era, with the finding of around 26 sHSP genes responsive to several stress situations on different tissues, including heat shock stress on leaves ([@bib16]) and microspores ([@bib17]). We note, however, that, like other gene families in tomato ([@bib3]), current annotation of the sHSP gene family may not be fully defined. Multiple-copy sHSP genes may have gone unnoticed due to the intrinsic limitations of genome assembly software ([@bib29]), and multiple sHSP genes may have been mis-annotated into a family of functionally unrelated proteins known as ACD-like or HSP20-like ([@bib7]) based solely on the presence of a conserved alpha-crystallin domain IPR008978 (ACD or HSP20 domain). To uncover the actual size and organization of the sHSP gene family in the *S. lycopersicum* (cv. Heinz 1706) genome, transcriptomic data of putative sHSP genes is analyzed from an evolutionary perspective.

Materials and Methods {#s1}
=====================

Putative sHSP genes and transcriptome data in S. lycopersicum (cv. Heinz 1706) {#s2}
------------------------------------------------------------------------------

A BlastP search against the Tomato protein database (ITAG2.4 Release, Sol Genomics Network) was first performed using the amino acid sequence of Solyc09g015020, characterized by a conserved ACD domain, as query. Aiming to capture all putative members of the sHSP gene family, every annotated protein containing the IPR008978 HSP20-like chaperone Interpro domain was also retrieved from the Sol Genomics Network database (ITAG release 2.40). In addition, every putative sequence related to sHSPs was retrieved from the Helmholtz-Muenchen tomato database using "small HSP" as search keyword. As a result, 58 putative sHSP sequences of *S. lycopersicum* (cv. Heinz 1706) were retrieved. Taking into account that nine β-sheets are expected in conserved ACD domains ([@bib45]), putative sHSP sequences were further characterized with the corresponding number of β-sheets. The ACD domain was identified with PROTEUS2, a web server supporting comprehensive protein structure prediction and structure-based annotation, <http://wishart.biology.ualberta.ca/proteus2> ([@bib41]). Additionally, the number of β-sheets was estimated with Phyre2, a web server supporting the prediction of secondary structures, <http://www.sbg.bio.ic.ac.uk/phyre2> ([@bib28]).

Fruit ripening in tomato starts at the mature green (MG) stage, where an extensive metabolic reorganization takes place, evolves to the mature breaking (MB) stage, and, 10 d later, reaches the mature red (MR) stage. Illumina RNA-seq read files of *S. lycopersicum* (cv. Heinz 1706) from two biological replicates of the MG, MB, and MR fruit ripening stages were downloaded from the DDBJ Sequence Read Archive (DRA) database (<http://trace.ddbj.nig.ac.jp/dra/index_e.html>). Concerning complementary analysis of putative sHSP genes during the growth stages of tomato fruit, RNA-seq read files from 1 and 2 cm immature green fruit were retrieved. Finally, concerning complementary tissue preferential analysis of putative sHSP genes, Illumina RNA-seq read files from leaf, root, flower, and flower bud were also retrieved (see Supplemental Material, [Table S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS1.pdf)). SRA files were converted to FASTQ files using the fastq-dump utility of the SRA toolkit. *S. lycopersicum* (cv. Heinz 1706). RNA-seq data from the set of MG, MB, and MR fruit maturation stages, the 1 and 2 cm immature stages, and the root, stem, and leaf plant tissues were then aligned back to the tomato genome assembly SL2.50 with annotation ITAG2.40 ([@bib58]) using TOPHAT version 2.0.13 ([@bib59]) with bowtie2 version 2.2.4 and default settings. Read counts for each gene were quantified using coverageBed from bedtools version 2.25.0. Fruit maturation entails a development process that may cause varying mRNA levels between group samples, which may discourage the use of standard normalization methods ([@bib1]). To shed some light on this issue, the quantroStat statistic was used ([@bib24]). Differences between ripening groups were detected at the α = 0.01 significance level. In this scenario, one must still decide if detected differences are likely to be biologically or technically driven, in which case standard normalization methods should be applied. Taking into account that only two biological replicates per group were available, which may render the quantroStat imprecise, and that relative logarithmic expressions (RLE) box plots across groups showed an almost in line appearance, the Trimmed Mean of M-values (TMM) normalization method in the edgeR Bioconductor package ([@bib50]) version 3.12.0 was applied. In any case, normalization factors close to unity were obtained, suggesting that the use TMM normalization to remove technical variability would have minimal impact on downstream data analysis. Fragments per kilobase of transcript per million mapped fragments (FPKM) values were calculated to determine transcript abundance of individual genes. Average FPKM values were calculated for each pair of biological replicates for each sample (see [Table S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS2.pdf)). Following the criteria of previous studies ([@bib19]; [@bib22]), genes were considered expressed when average FPKM values were ≥ 2. Differential expression between pairs of ripening stages was assessed with the exactTest function. The MG fruit stage was taken as baseline and edgeR's exact test was applied to identify significant log~2~-fold changes (FC) of the MB and MR stages relative to the MG baseline at the α = 0.01 significance level (see [Figure 1](#fig1){ref-type="fig"}). Positive log~2~ FC values indicated upregulation, negative values indicated downregulation, and zero indicated constant gene expression relative to the MG baseline. In these studies, the *tip41* housekeeping gene (Solyc01g107420) was used as negative control for differential gene expression while the *hsp70* gene (Solyc11g020040) was used as a positive control for upregulation during fruit ripening ([@bib13]; [@bib15]).

![Putative sHSP genes differentially expressed during tomato fruit ripening (29 out of a total of 58). Differential expression at the mature breaker and mature red fruit ripening stages relative to the reference mature green stage is quantified as log~2~ fold change (FC). The *hsp70* gene or Solyc11g020040 (\#1) was used as a positive control of upregulation.](3027f1){#fig1}

Assessing the phylogeny of putative sHSP genes in S. lycopersicum (cv. Heinz 1706), and evolutionary times of duplication events {#s3}
--------------------------------------------------------------------------------------------------------------------------------

A phylogeny-based functional analysis was used to complete ([@bib10]) preliminary chaperone function prediction obtained through RNA-seq expression analysis of putative sHSPs in *S. lycopersicum* (cv. Heinz 1706). Eleven sHSP sequences of *Arabidopsis thaliana* ([@bib64]), known to be representative and conserved between angiosperms, together with the 58 putative sHSP sequences of tomato, were used to construct an initial phylogenetic tree. Additionally, the subcellular localization of putative sHSPs was obtained from analogous clusters formed in the phylogenetic tree (see [Figure S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/FigureS1.pdf)). Molecular evolutionary analyses were conducted with MEGA version 6 ([@bib56]). Amino acid sequences were aligned using ClustalW with default settings, and a Maximum Likelihood analysis based on the Jones-Taylor-Thornton (JTT) substitution model for proteins with a gamma distribution was performed ([@bib32]). A condensed tree was built with a bootstrap method set to work with 100 replications and a cut-off value of 70% ([@bib25]). Aiming to evidence evolutionary relationships in the resulting sHSP gene family, a second phylogenetic tree was built with curated sHSPs obtained after joint RNA-seq and phylogeny-based functional analysis. In this case, a Maximum Likelihood analysis based on a WAG substitution model for proteins with a gamma distribution was used.

Following [@bib65], the DnaSP tool ([@bib35]) was used for the computation of occurrence time *T* of the tandem duplicated genes. Briefly, DnaSP provides the mean number *K*~S~ of synonymous substitutions per synonymous site between pairs of duplicated genes. The occurrence time of duplication events can be calculated using *T* = *K*~S~/2λ, where λ is the clockwise substitution rate, a characteristic parameter of each species. Based on the work of [@bib66], λ = 1.5 × 10^−8^ of *A. thaliana* was used to find the approximate value of *T* in tomato.

Data Availability {#s4}
-----------------

The authors state that all data necessary for confirming the conclusions presented in the article are represented fully within the article.

Results {#s5}
=======

Putative small heat shock proteins (sHSPs) in the S. lycopersicum (cv. Heinz 1706) genome {#s6}
-----------------------------------------------------------------------------------------

To begin the reconstruction of a large-scale picture of the sHSP family organization in the *S. lycopersicum* (cv. Heinz 1706) genome, 58 putative sHSPs were mapped to their chromosomes. Putative sHSP genes were found to be distributed evenly (Pearson's Chi-squared test based on 10^7^ replicates, p-value = 0.5023) across the 12 tomato chromosomes. Despite this random distribution, an integral analysis of the expression profiles of putative sHSPs genes across multiple conditions and tissues, together with their phylogenetic relationships, may help define and characterize the sHSP gene family.

Differential expression of putative sHSP genes during tomato fruit ripening {#s7}
---------------------------------------------------------------------------

Differential expression analysis pointed out 29 out of the initial set of 58 putative sHSP genes as differentially expressed in the MR fruit ripening stage relative to the reference MG one (see [Figure 1](#fig1){ref-type="fig"}). A subgroup of 20 putative sHSP genes was found to be upregulated during the fruit ripening process, with expression intensity rising from MG to MR, suggesting that these sequences were indeed sHSPs. On the other hand, a subgroup of nine putative sHSP genes was found to be downregulated in the MR stage relative to the reference MG one. This pattern of downregulation may be caused by two nonmutually exclusive events: natural gene expression declination during fruit senescence, or the fact that putative downregulated sHSP genes are actually HSP20-like genes. To further support the first evidence of chaperone functionality in putative sHSP genes being upregulated in the MR stage relative to the reference MG case, and to clarify the status of those appearing as downregulated, not differentially expressed, or even not expressed, a phylogenomic analysis was performed.

Phylogeny-based annotation of putative sHSP genes {#s8}
-------------------------------------------------

A set of 20 clusters representing the four major monophylogenetic clades characteristic of higher plants, MCI, MCII, MCIII, and MCIV ([@bib7]), was identified in a phylogenetic tree built from 58 putative sHSPs sequences in *S. lycopersicum* (cv. Heinz 1706) and 11 sHSP reference sequences in *A. thaliana* (see [Figure S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/FigureS1.pdf)).

A set of 18 sHSP genes distributed in 10 clusters, containing 16 upregulated and two downregulated members during fruit ripening, was clearly identified based on functional orthology with *A. thaliana* and previous experimental evidence. Another set of 13 sHSP genes distributed in four clusters (\#14, \#13, \#9, and \#7) was identified after careful analysis of previous experimental evidence, completeness of the ACD domain, and presence of other domains ([Table S3](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS3.pdf)). Cluster \#14 initially had two paralogous members, Solyc08g078710 and Solyc08g078720, map together with singleton Solyc08g078700. The three sequences show around 47% sequence identity, suggesting a common origin product of a tandem duplication event (see [Figure S3](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/FigureS3.pdf)). Altogether, this evidence suggests Solyc08g078700 membership to Cluster \#14. In addition, upregulated Solyc08g078700 is similar (46.7% identity and 63.8% similarity at the amino acid sequence level) to the mitochondrial 23.6 kDa Q96331 protein in *A. thaliana*, already classified as a sHSP ([@bib52]). Altogether, this evidence suggests that, although Solyc08g078710 is not expressed during fruit ripening and Solyc08g078720 is not differentially expressed, both are sHSPs. Cluster \#13 contains two paralogous members, Solyc10g086680 and Solyc09g011710. Although Solyc10g086680 is not expressed during fruit ripening, and Solyc09g011710 is downregulated, they both have a complete ACD domain, and, additionally, Solyc09g011710 has been reported to be downregulated under heat shock stress in leaves ([@bib16]). Altogether, this evidence indicates that both Solyc10g086680 and Solyc09g011710 are sHSPs. Cluster \#9 contains four paralogous members, Solyc01g009200 and Solyc01g009220, which are not expressed during fruit ripening, but are downregulated during fruit development (see [Figure S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/FigureS2.pdf)), and Solyc11g071560 and Solyc09g007140, which are downregulated during fruit ripening. Taking into account that all members of this cluster but Solyc01g009220 have a complete ACD domain, the evidence indicates that the four members of Cluster \#9 are likely sHSPs (see [Table S3](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS3.pdf)). Cluster \#7 contains four paralogous members: Solyc04g082720, which is upregulated during fruit ripening; Solyc04g082740, which is downregulated; Solyc01g098810, which is not differentially expressed; and Solyc01g098790, which is not expressed. In addition, all members of this cluster except Solyc01g098790 have a complete ACD domain. Altogether, these sources of evidence indicate that the four members of Cluster \#7 are sHSPs. Note, however, that Cluster \#7 has a striking expression pattern, with both upregulated and downregulated members during tomato fruit ripening (see *Discussion*). In agreement with the joint presence of the ARID and ACD domains ([@bib49]), a set of six putative sHSPs clustering together in Cluster \#4 ([Figure S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/FigureS1.pdf)) turned out to be transcription factors, *i.e.*, HSP20-like genes. While two of these transcription factors have been reported previously ([@bib7]), four of them could be new. Similarly, another set of 14 putative sHSPs distributed in five clusters are also potential HSP20-like genes, since they all lack functional and evolutionary evidence to support sHSP family membership. Finally, two sHSP genes, Solyc02g093600 and Solyc04g072250, were identified in the set of seven putative sHSP genes that remained unclustered. Solyc02g093600 is upregulated during fruit ripening, has a complete ACD domain and previous experimental evidence ([@bib16]). On the other hand, structural features of Solyc04g072250, including the presence of an ORF, absence of a premature stop codon, and a complete ACD domain, suggest its chaperone functionality. However, previous experimental evidence ([@bib16]), and lack of expression during fruit ripening suggest that Solyc04g072250 is actually nonfunctional. Based on the these considerations, a sHSP gene family of around 33 members can be defined in the *S. lycopersicum* (cv. Heinz 1706) genome. Regarding the fruit ripening process, this result brings new experimental evidence about the chaperone function of four members of the sHSP gene family, Solyc04g082740, Solyc09g007140, and Solyc11g071560, which appear downregulated, and Solyc04g082720, which appears upregulated. Additionally, we extend the chaperone function of Solyc03g123540 and Solyc02g093600, already reported as sensitive to heat shock stress, to fruit ripening.

Subcellular localization of sHSP genes {#s9}
--------------------------------------

Subcellular localization of proteins can provide important evidence about their function ([@bib11]). Based on evolutionary relationships, and in agreement with previous experimental evidence ([Figure S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/FigureS1.pdf)), 22 sHSPs are predicted to be distributed ubiquitously across cellular compartments and organelles ([Table S4](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS4.pdf)). Briefly, 11 of them are predicted for the cytoplasm (CI), two for chloroplasts (CP), three for the endoplasmic reticulum (ER), five for the mitochondria (MT), and one for the peroxisoma (PX). Two sHSP genes, Solyc05g014280 and Solyc03g113930, whose products are presumed for the CP and ER, show the highest levels of differential expression during fruit ripening ([Table S5](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS5.pdf)). Remarkably, four sHSP genes found to be highly responsive to fruit ripening stress, Solyc05g014280, Solyc03g082420, Solyc11g020330, and Solyc06g076560, whose products are presumed for the CP, ER, and CI, have been also reported to be highly responsive to heat shock stress in leaves ([@bib16]) and microspores ([@bib17]), suggesting the existence of a core set of sHSP genes important to maintain cellular homeostasis under 1, 4, 6, 8, and 9 \[both stress situations ([Figure 2](#fig2){ref-type="fig"})\].

![Top 10 sHSP genes responsive to fruit ripening and heat-shock stress in leaves and microspores. For each condition, sHSP genes targeted to the endoplasmic reticulum (ER), the cytosolic classes I and II (CI, CIsIII and CII), perixoma (PX), chloroplast (CP) and mitochondrion (MT) are shown. Four sHSP genes, Solyc05g014280, Solyc03g082420, Solyc11g020330, and Solyc06g076560, targeted to the CP, the ER, and the CI, are responsive in all conditions.](3027f2){#fig2}

Tandem duplication events in the sHSP gene family {#s10}
-------------------------------------------------

Tandem and segmental duplication are the main sources of diversity for the evolution of large gene families in plants ([@bib8]). A phylogenetic analysis of the sHSP gene family in *S. lycopersicum* (cv. Heinz 1706) revealed 17 sHSP genes (∼51%) produced by tandem duplications events (see [Figure 3](#fig3){ref-type="fig"}). These genes are organized into six subfamilies that map to chromosomes 1, 4, 6, 8, and 9. Certainly, segmental duplication has also contributed to the expansion of gene families in plants. However, its role may be less pronounced in the diversification of the sHSP family ([@bib64]). To shed light on this issue, duplications of sHSP genes were investigated with the MCSCAN tool ([@bib57]), and little evidence of a dominant role of segmental duplication in *S. lycopersicum* was found. Duplication analysis based on the identification of synteny blocks showed only two segmental duplications among chromosomes 6, 9, and 10 involving three genes, Solyc06g076520, Solyc09g011710, and Solyc10g086680. These segmental duplications may be attributable to the last whole-genome triplication (91--52 Myr) that occurred in the Solanum lineage ([@bib58]).

![Phylogenetic relationships in the sHSP family of the *S. lycopersicum* (cv. Heinz 1706) genome. Amino acid sequences deduced from the 33 members of sHSP gene family were used. Gene expression profiles during fruit ripening are shown. Differential expression is measured at the MR stage relative to the MG reference stage. Different symbols are used for depicting upregulated and downregulated, not differentially expressed (NDE), and not expressed (NE) genes. Aiming to highlight tandem duplication events that happened during the evolutionary history of this family, the chromosome localization of sHSP genes is used for branch labeling. Nine tandem duplication events are present: one in chromosome 1 involving the pair Solyc01g009200--Solyc01g009220, one in chromosome 4 involving the pair Solyc04g082720--Solyc04g082740, two in chromosome8 involving the pair Solyc08g062340--Solyc08g062350, and the trio Solyc08g078700--Solyc08g078710--Solyc08g078720, three in chromosome 6 involving the quartet Solyc06g076520--Solyc06g076540--Solyc06g076560--Solyc06g076570, and one in chromosome 9 involving the pair Solyc09g015000--Solyc09g015020.](3027f3){#fig3}

Three sHSP subfamilies are useful to describe the alternative functional outcomes of tandem duplicated sHSP genes in *S. lycopersicum* (cv. Heinz 1706). A first subfamily involves three MT class sHSP genes mapping together to a region of ∼11.4 kb in chromosome 8 (SL2.40ch08:59625875..59637274). Notably, in this subfamily, only the basal gene Solyc08g078700 appears as clearly functional, while the other two subfamily members, Solyc08g078710 and Solyc08g078720, seem to be losing their ancestral chaperone function. A second subfamily involves four functional intronless CI class sHSP genes mapping together to a ∼17.9-kb region in chromosome 6 (SL2.40ch6:47.547k..47.564k). Three members of this subfamily, Solyc06g076540, Solyc06g076560, and Solyc06g076570, have been previously reported by [@bib20] in *S. lycopersicum* (cv. Ohio 8245). Now, a fourth member, Solyc06g076520, is reported. Notably, the four members of this subfamily support ∼57% of the sHSP transcripts in the MR fruit ripening stage ([Table S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS2.pdf)). Furthermore, subfamily members Solyc06g076540 and Solyc06g076560 are among the most differentially expressed sHSP genes during fruit ripening (see [Table S5](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS5.pdf)). Finally, a third subfamily involves two sHSP cytosolic/nuclear genes, Solyc04g082720 and Solyc04g082740, mapping together to a ∼9.1-kb region in chromosome 4 (SL2.50ch04:66300179..66309278). Notably, although both members of this subfamily are functional, their temporal expression patterns over development and ripening suggest that they are undergoing a subfunctionalization process.

Identification of multiple-copy genes in tomato, like that presented here for the sHSP gene family, can contribute to reducing the uncertainty of estimations about exploitable phenotypic variation, which could be very useful in commercial tomato breeding programs.

Discussion {#s11}
==========

Small sHSP genes in the S. lycopersicum (cv. Heinz 1706) genome {#s12}
---------------------------------------------------------------

Even with the large amount of genomic data now available, the number and functionality of sHSP genes in the Solanaceae family remain largely unknown, and their functional annotation is often inconsistent across authors and databases (see [Table S3](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS3.pdf)). An evolutionary perspective on the transcriptome analysis of *S. lycopersicum* (cv. Heinz 1706) allowed us to define a sHSP gene family of around 33 members. Families of sHSP genes in plant species tend to be rather large and variable in size: 19 sHSP genes have been reported in *A. thaliana* ([@bib52]; [@bib53]), 39 in rice *Oryza sativa* ([@bib44]) and 51 in *Glycine max* ([@bib36]). Despite this variability, the proportion of sHSP genes in plant genomes is roughly constant, ranging from ∼0.06 to ∼0.1%. The proportion of sHSP genes in *S. lycopersicum* (cv. Heinz 1706), 0.095%, or 33 out of a total of 34,727, is in accordance with these previous studies, suggesting that the totality of members of the sHSP gene family has been uncovered in tomato. Note, however, that the actual number and location of sHSP genes in the ∼7000 domesticated lines of *S. lycopersicum* collected in the EU-SOL BreeDB database (<https://www.eu-sol.wur.nl>) may vary according to directional selection pressures ([@bib12]).

Tandem duplication events and the expansion of the sHSP gene family in tomato {#s13}
-----------------------------------------------------------------------------

The main function of sHSPs is to maintain the homeostasis of cellular proteins. The importance of this ubiquitous function supports the presence of redundant sHSPs, so that if one of them fails, the others are ready to supply their chaperone function. Evolutionary forces have clearly affected and modeled the sHSP gene family ([@bib43]). Roughly half (17) of the sHSP genes in the *S. lycopersicum* (cv. Heinz 1706) genome can be explained by tandem duplication events. In most of these events, redundancy tends to be eliminated, so that one of the copies retains its ancestral function while the other becomes a pseudogene ([@bib69]).

Neutral evolutionary processes seem to be a valid argument to explain the behavior of two of three MT class tandem duplicated sHSP genes, Solyc08g078700, Solyc08g078710, and Solyc08g078720, mapping together to a 11.4 kb region in chromosome 8. While the basal Solyc08g078700 gene retained its ancestral chaperone function and evolved under purifying selection (see [Figure S3](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/FigureS3.pdf) and associated key), its two accompanying copies, Solyc08g078710 and Solyc08g078720, degenerated. Functional redundancy also seems to a be a valid possibly under the effect of neutrality. Although Solyc08g078710 has a complete ACD domain, it is expressed neither in plant tissues (leaf, root, flower, and flower bud) nor during fruit development (1 and 2 cm), fruit ripening, or heat shock stress, probably due to variations in the promoter architecture of the 5′ UTR region. Conversely, although Solyc08g078720 is expressed in all plant tissues, it is insensitive to fruit development, fruit ripening, or heat shock stresses, probably due to the presence of an incomplete ACD domain with only seven β-sheets (see [Table S3](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS3.pdf)). Altogether, this evidence suggests that neither Solyc08g078710 nor Solyc08g078720 retained their ancestral chaperone function. Functional redundancy seems to be to a be a valid argument to explain the behavior of four Class I tandem duplicated intronless sHSP genes, Solyc06g076520, Solyc06g076540, Solyc06g076560, and Solyc06g076570, mapping together to a ∼17.9 kb region in chromosome 6 (SL2.40ch6:47.547k..47.564k). If there is a biological reason for this sHSP gene subfamily to stay in array in a chromosome 6 region, *e.g.*, due to its important relative contribution to differential expression and transcript abundance of sHSP genes during fruit ripening, a high degree of conservation of this subfamily across close Solanum species should be expected. In effect, duplication analysis suggests that only Solyc06g076520 originated during the last whole-genome triplication in the Solanum lineage (together with Solyc09g011710 and Solyc10g086680 in Cluster \#13). The remaining members of Cluster \#2, Solyc06g076570, Solyc06g076540 and Solyc06g076560, seem to be the product of tandem duplication events, the first of which took place ∼13 Myr ago ([Figure S4](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/FigureS4.pdf)). Taking this together with collinearity results between potato and tomato at the chromosome 6 region of Cluster \#2, we can hypothesize that gene associations in Cluster \#2 have indeed been maintained, thus reflecting their importance in the sHSP gene family. We note, however, that orthologous genes of Solyc06g076560 are absent in the *Solanum tuberosum* and *S. pennelli* genomes. Actually, Solyc06g076560 is a paralogous copy of parental Solyc06g076520 (97.9% nucleotide identity) suggesting the occurrence of a tandem duplication event exclusive to the *S. lycopersicum* clade ([Figure 3](#fig3){ref-type="fig"}). Finally, tandem duplicated genes may diversify and undergo some degree of neo-functionalization. In this regard, either of the copies may acquire a new beneficial function, and the other retain its ancestral function, or both copies may undergo subfunctionalization, with each copy being expressed uniquely at different tissues or with a temporal expression pattern ([@bib38]; [@bib21]). In effect, temporal subfunctionalization seems to be a valid argument to explain the behavior of the two tandem duplicated sHSP genes, Solyc04g082720 and Solyc04g082740, mapping together to a ∼9.1 kb region in chromosome 4. These sHSP genes show a complementary temporal expression pattern ([@bib39]) during fruit development and ripening. According to the NexGenEx-Tom database (<http://140.164.45.142/NexGenEx-Tom/expression/exp-search.aspx>), while the peak of expression of Solyc04g082740 occurs during fruit development at 3 cm fruit size, the peak of expression of Solyc04g082720 occurs during ripening at the MR stage.

Similarly to rice, where roughly half (19) of sHSP genes in the genome have been reported to be produced from tandem duplication events ([@bib44]), and differently from *A. thaliana*, where only one tandem duplicated sHSP gene has been reported ([@bib52]), our results suggest that tandem duplication events have contributed greatly to the expansion of sHSP gene family in *S. lycopersicum*.

A core set of homeostasis sHSP genes in tomato {#s14}
----------------------------------------------

Simultaneous analysis of most differentially expressed sHSP genes during fruit ripening and heat shock stress in leaves and microspores ([@bib16]; [@bib17]) revealed the existence of four sHSP genes with a common and very sensitive response to both stress situations. Being sessile organisms, plants have evolved mechanisms to deal with and tolerate multiple stress situations. In contrast to other eukaryotic organism domains, plants are unique in expressing in a cell a multiplicity of cytosolic sHSPs and specific sHSPs targeted to the plastids, the ER, and the MT ([@bib63]; [@bib61]; [@bib9]; [@bib53]).

Chloroplasts are responsible for photosynthesis as well as numerous other functions in a plant cell ([@bib27]). During fruit ripening, a massive transformation process of CP into chromoplasts takes place, and, thus, repair and stabilization of proteins are required ([@bib33]; [@bib67]). A subfamily of two CP sHSP genes, Solyc03g082420 and Solyc05g014280, is present in the tomato genome. The Solyc05g014280 or *vis1* gene is highly differentially expressed during fruit ripening and seems to play a specific role in pectin depolymerization, a common event in fruit ripening, by reducing the thermal denaturation of depolymerizing enzymes in response to daytime elevated temperatures ([@bib47]). On the other hand, the extensively characterized Solyc03g082420 or *hsp21* gene ([@bib33]; [@bib54]; [@bib40]) is highly differentially expressed, not only during fruit ripening and heat shock stress in leaves and plant microspores, but also during plant development ([@bib42]; [@bib31]). The ER plays a key role in a cell endomembrane system. It is involved in folding and assembling the majority of proteins that a cell secretes, in lipid synthesis, and in sustaining cell homeostatic balance ([@bib60]; [@bib26]). In higher plants, ER sHSPs accumulate in this compartment ([@bib68]), and may protect ER proteins from stress ([@bib30]; [@bib55]; [@bib23]). A subfamily of three ER intronless genes, Solyc01g102960, Solyc11g020330, and Solyc03g113930, is present in the tomato genome. Solyc01g102960 is highly differentially expressed only during fruit ripening. On the other hand, Solyc11g020330 and Solyc03g113930 are highly differentially expressed during both fruit ripening and heat-shock stress in leaves and microspores, suggesting their role as general-purpose stress responsive sHSP genes at the ER.

Ripening involves a massive structural change comparable to that experienced by plastids when exposed to environmental stress ([@bib18]). In particular, the cytosol is an important place for the activity of sHSP gene products in tomato. Like other higher plants, the subfamily of cytosolic sHSP genes in tomato is larger than those of cell organelles ([@bib48]). Eight sHSP genes, conforming cytosolic subfamilies CI and CII, are highly differentially expressed during fruit ripening ([Table S5](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS5.pdf)). In agreement with the ancient membership of cytosolic genes in the sHSP gene family ([@bib62]), these genes account for ∼77% of the total transcripts of sHSP genes in the MR ripening stage ([Table S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.032045/-/DC1/TableS2.pdf)). Remarkably, intronless Solyc06g076560, the youngest sHSP gene exclusive to the *S. lycopersicum* clade, accounting for ∼17% of the total transcripts of sHSP genes in the MR ripening stage, is also highly differentially expressed during heat shock stress in leaves and microspores. In summary, Solyc03g082420, Solyc05g014280, Solyc11g020330, and Solyc06g076560, targeted to the CP, the ER, and cytosolic compartments, define a core set of sHSP genes contributing to cell homeostasis in both fruit ripening and heat shock stress, suggesting that other subsets of multi-purpose sHSP genes may coexist within the family.

The results presented here for the sHSP gene family suggest that systematic approaches built upon an evolutionary analysis of transcriptome data may be also effective to disentangle the organization and functionality of other complex gene families.
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